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We report results on the direct observation of the microscopic origins of backswitching in ferroelectric thin films. The piezoelectric response generated in the film by a biased atomic force microscope tip was used to obtain static and dynamic piezoelectric images of individual grains in a polycrystalline material. We demonstrate that polarization reversal occurs under no external field ͑i.e., loss of remanent polarization͒ via a dispersive continuous-time random walk process, identified by a stretched exponential decay of the remanent polarization. © 1997 American Institute of Physics.
͓S0003-6951͑97͒00550-0͔
There is currently considerable technological interest worldwide in ferroelectric thin films for a large number of applications, including a new generation of nonvolatile memories with high-speed access and unlimited endurance. 1 Fundamental issues in ferroelectric thin film capacitors are related to the exact nature of the complex domain structures and their interactions with defects, the domain dynamics under high-speed switching conditions, and their evolution in the absence of an external field ͑polarization relaxation͒. In this respect, theoretical models and electrical measurements ͑e.g., hysteresis loops and switching currents͒, have provided significant insight into understanding polarization switching in thin films. Polarization switching from one state to another under the influence of an external field has been studied extensively and is conventionally understood using classical nucleation and growth concepts of phase transformation ͑e.g., the Avrami model͒, as modified by Ishibashi.
2 However, there have been very few studies focusing on the fundamental mechanisms that control the spontaneous reversal of polarization leading to a progressive loss of remanent polarization, a phenomenon referred to as retention loss. Application of high-resolution techniques such as SFM in conjunction with conventional electrical measurements provides a unique opportunity to achieve microscopic insight into the physical processes occurring in ferroelectric thin films. The recent progress in using SFM as an effective tool for high-resolution visualization of a domain structure in ferroelectric thin films provides the appropriate background for this letter. [3] [4] [5] [6] In a typical retention experiment, a capacitor is written into a polarization state and left in that state for fixed periods of time, after which the polarization remaining in the capacitor is measured, as illustrated, for example, in Fig. 1͑a͒ . 7 In such a macroscopic measurement, one obtains an average of the retention characteristics of an ensemble of grains. It is important to note that this reversal occurs in the absence of an external field and is driven primarily by internal depolarizing fields and elastic strain fields. In some cases the retention loss fits a log-time dependence; however in most cases it seems to fit a stretched exponential ͓i.e., equation of the form yϭ1Ϫexp(Ϫkt n )͔ better. In Fig. 1͑b͒ , the same data are plotted in a stretched exponential ͓ln(P/P i ) time͔ form with a very good fit and a slope of 0.24. In a variety of systems, a stretched exponential behavior with nϽ1 has been characterized as a dispersive transport or random walk type process. [8] [9] [10] Similarly, the good fit of the retention data to a stretched exponential type behavior suggests that this retention loss process occurs by a random walk process. However, these macroscopic studies do not provide information on the initial location of the reversal process and its progress as a function of time. In this respect, the SFM imaging method used in this study provides the capability for the direct observation of domain structure that is naturally linked to the polarization state of a ferroelectric film.
Experiments were carried out using the SFM/ piezoresponse method that is based on detection of the piezoelectric vibration of the ferroelectric sample. 5 Application of the external voltage to the ferroelectric film results in a change of the film thickness due to the inverse piezoelectric effect. Whether the film thickness will expand or compress locally depends on its polarization state. It means that under the action of an ac electric field regions with opposite orientation of polarization will vibrate out of phase. The amplitude of the vibration signal provides information about the magnitude of the piezoelectric coefficient, while the polarization direction can be determined from the phase of the signal. 11 The key point in the SFM piezoresponse mode is that the imaging ac field is applied between the bottom electrode and the conductive SFM tip, which is used as a movable top electrode, thus generating piezoelectric vibration in a very small film area underneath the tip. Therefore a lateral resolution of the order of nanometers is achievable. Application of a dc voltage pulse to the probing tip generates a strong and sufficiently localized electric field, which makes possible nanoscale the writing of ferroelectric domains and the subsequent read-out.
A commercial force microscope ͑Seiko Instruments SPA 300͒ was employed in this study. In our experiments, piezoresponse images of the films were acquired in ambient air by applying a small ac voltage with an amplitude of 2.5 V ͑peak to peak͒ and a frequency of 10 kHz while scanning the film surface. To apply the external voltage we used a standard gold coated Si 3 N 4 cantilever with a spring constant of 0.09 N/m. The probing tip, with an apex radius of about 20 nm, was in mechanical contact with the uncoated film surface during the measurements. Cantilever vibration was detected using a conventional lock-in technique. A topographic image of the film surface was taken simultaneously with the domain imaging. Experiments were carried out using tetragonal Pb͑Zr 0.2 Ti 0.8 ͒O 3 ͑PZT͒ films deposited by laser ablation onto Si substrates with a metal oxide electrode layer. Specifically, a PZT composition that showed a strong loss of remanent polarization with retention time, Fig. 1 , was chosen for this study. Details of the thin film deposition protocols are described in earlier papers. Fig. 2͑b͒ , which vibrate in phase with the ac imaging voltage, represent positive domains ͑polarization is towards the bottom electrode͒ while dark regions correspond to negative domains with the polarization vector oriented upward. To further substantiate this conclusion we measured the piezoresponse signal as a function of dc poling voltage. The probing tip was positioned at the center of a positively polarized grain where the voltage pulses were applied. After every pulse the piezoresponse signal was measured by applying a small ac voltage to the same point. The piezoresponse loop measurements were interrupted at the half-period to acquire the piezoresponse image of the grain under investigation. In Fig. 2͑c͒ , we can see that this grain of about 100 nm in size exhibits a reversed contrast compared to that in Fig. 2͑b͒ . Since the reversal of the contrast as well as the change in the sign of the piezoresponse signal ͓Fig. 2͑d͔͒ occurs under the negative voltage ͑''Ϫ'' applied to the tip͒, it must be concluded that the grain was originally in the positive polarization state ͑polarization downward͒, which is consistent with the previous conclusion made from the phase monitoring of the film vibration. Contrast reversal in conjunction with the ferroelectric hysteresis behavior of the piezoresponse signal, shown in Fig. 2͑d͒ , is a clear proof of polarization reversal and demonstrates the ability of domain control at the nanometer scale. The size of the reversed domain depends essentially on the parameters of the switching voltage pulse. It will be shown below that using this technique it is possible to switch domains as small as 30 nm in diameter. It should be emphasized that the imaging process itself has no effect on the existing domain structure. Indeed, no change in the piezore- sponse image is observed except on the region where poling voltages were applied.
Subsequently we investigated retention loss and the role of grain boundaries in the process of spontaneous backward ͑reverse͒ switching. The experimental sequence consisted of preliminary piezoresponse and topographic characterization of the film. The tip was then positioned at specific locations in a grain ͑at the center of the grain or at the grain periphery͒ polarized normally to the film surface and a single voltage pulse was applied. By varying the pulse width we could induce full or partial switching of the grain. Subsequently, piezoresponse images of the grain were recorded at various time intervals thus providing information about time evolution of the domain structure after the switching. Figure 3͑a͒ is a conventional topographic image of a single grain in the polycrystalline ensemble. For the sake of identification, the six grains ͑one central grain and five adjacent grains are numbered from 1 to 6͒. The piezoresponse in Fig. 3͑b͒ shows uniform contrast across central grain 1, indicating that it is uniformly polarized in the negative direction ͑polarization upward͒. Upon application of a positive 6 V, 200 ms pulse to the center of the grain, it was fully switched into the opposite polarity, indicated by a change in grain contrast ͓Fig. 3͑c͔͒. Note that the adjacent grains are still in their original polarization states. The piezoresponse images in Figs. 3͑d͒ and 3͑e͒ show time-evolution snapshots of the change in the domain structure of grain 1 that occurred after the removal of the dc field. Figure 3͑d͒ is a piezoresponse image recorded 4 h after pulse switching; the first stages of backward switching, which started at the grain boundary, are discernible. This is direct evidence of the role played by grain boundaries in initiating spontaneous polarization reversal. In this case, the interesting point is that the reversal begins along the grain boundary that borders grain 2, suggesting that the electrostatic interaction across the grain boundary might influence the switching behavior. Once the reversal begins, it proceeds through the sidewise expansion of the reversed portion of the grain, as shown in Figs. 3͑d͒ and 3͑e͒. To summarize this backward switching process, in Fig. 3͑f͒ the time dependence of the reversed fraction of the grain is fitted to a stretched exponential dependence with an exponent of 0.68. The difference in the exponent in this case compared to that of the macroscopic electrical measurements ͓Fig. 1͑b͔͒ is attributed to the different depolarizing fields and elastic fields in the microscopic measurements.
From the studies discussed here, it appears that the spontaneous reversal nucleates at the grain boundary and reversed domain stabilization requires a grain boundary. The data suggest that the spontaneous reversal may proceed via a random walk type mechanism similar to that postulated for magnetization reversal in spin glass. 13 Our SFM studies fit a similar stretched exponential type behavior. The random walk type mechanism for polarization reversal brings forth new interpretations of the ferroelectric phenomenon and further studies are imperative to assess the validity of our suggested mechanism of polarization reversal.
The work at JRCAT is supported by the NEDO program and the work at the University of Maryland is supported by the NSF-MRSEC program. FIG. 3 . SFM retention experiments conducted on PZT͑20/80͒ grown on LSCO/TiN/Si using 6 V, 200 ms write pulse: ͑a͒ topography (200 ϫ200 nm 2 ), ͑b͒ piezoresponse of the as grown surface with 2.3 V ac, ͑c͒ piezoresponse after dc poling grain 1, ͑d͒ piezoresponse after 4 h with no external field, ͑e͒ piezoresponse after 140 h, and ͑f͒ stretched exponential fit of the SFM studies plotted with the logarithm of the remanent switched grain area vs time.
